Context. The low-latitude globular clusters Terzan 10 and Djorgovski 1 are projected in the Galactic bulge, in a Galactic region highly affected by extinction. A discrepancy of a factor of ∼2 exists in the literature in regards to the distance determination of these clusters. Aims. We revisit the colour-magnitude diagrams (CMDs) of these two globular clusters with the purpose of disentangling their distance determination ambiguity and, for the first time, of determining their orbits to identify whether or not they are part of the bulge/bar region. Methods. We use Hubble Space Telescope CMDs, with the filters F606W from ACS and F160W from WFC3 for Terzan 10, and F606W and F814W from ACS for Djorgosvski 1, and combine them with the proper motions from Gaia Date Release 2. For the orbit integrations, we employed a steady Galactic model with bar. Results. For the first time the blue horizontal branch of these clusters is clearly resolved. We obtain reliable distances of d = 10.3±1.0 kpc and 9.3±0.5 kpc for Terzan 10, and Djorgovski 1 respectively, indicating that they are both currently located in the bulge volume. From Gaia DR 2 proper motions, together with our new distance determination and recent literature radial velocities, we are able to show that the two sample clusters have typical halo orbits that are passing by the bulge/bar region, but that they are not part of this component. For the first time, halo intruders are identified in the bulge.
Introduction
The formation of the Galactic bulge is a debated topic within the context of galaxy evolution (e.g. Renzini et al. 2018) . Recent studies on low-Galactic-latitude fields revealed a complex scenario with a combination of different stellar populations including metal-poor and metal-rich components with different spatial distribution, kinematics, and possibly also distinct ages (Babusiaux et al. 2010, 214) . These studies indicate that the moderately metal-poor population component corresponds to a spheroidal old population, and the metal-rich one is confined to a bar/disc. These two components contain respectively 48% and 52% of the stars according to Zoccali et al. (2018) .
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Observations obtained at the Hubble Space Telescope, GO-14074 (PI: Cohen) , , and the European Southern Observatory, proposals 089.D-0194(A), 091.D-0711(A) (PI: Ortolani).
The globular clusters (GCs) projected in the direction of the Galactic bulge can be used as population tracers and can help to constrain the bulge formation and evolution models. This work is part of an effort to study the globular clusters of the inner bulge as presented, for example, in Barbuy et al. (1998 and Bica et al. (2016) .
Proper motions derived using data from ground-based and space telescopes, in particular from Gaia, together with orbital calculations for bulge GCs are now becoming available (e.g. Casetti-Dinescu et al. 2013; Moreno et al. 2014; Rossi et al. 2015; Pérez-Villegas et al. 2018; Vasiliev 2018) . These studies show that there are some systematic trends in the orbital parameters, possibly related also to metal abundances, indicating "families" of GCs with distinct origins. The present study is dedicated to two moderately metal-poor GCs, Terzan 10 and Djorgovski 1, with metallicity [Fe/H]∼ −1.0 (Ortolani et al. 1995 (Ortolani et al. , 1997 Harris 1996 Harris , edition 2010 . These clusters are located at low Galactic latitudes and therefore in very reddened and crowded regions.
Terzan 10 (ESO521-SC16), discovered by Terzan (1971) , is located at J2000 α = 18 h 02 m 57.8 s , δ = −26 o 04 01 , with Galactic coordinates l = 4.
• 42, b = −1.
• 86. We point out that the coordinates and designations in Ortolani et al. (1997) were mistyped.
Djorgovski 1, discovered by Djorgovski (1987) , is located at α = 17 h 47 m 28.7 s , δ = −33 o 03 59 , with Galactic coordinates l = 356.
• 67, b = −2.
• 48. Recent studies of the bulge area have provided a series of new GCs and candidates Camargo 2018; Ryu & Lee 2018; Bica et al. 2018; Piatti 2018) . A consistent derivation of parameters (distance, reddening, age) requires deep high-resolution images however, and the samples already known are still lacking accurate values for these parameters; a good example is provided by the two GCs studied here. A useful approach that has been leading to newly derived distances is the systematic observation of variables, in particular in the VISTA Variables in the Via Lactea (VVV) survey (Saito et al. 2012) . Using RR Lyrae detected with VVV and other sources, Alonso-Garcia et al. (2015) derived a distance for Terzan 10.
The main goal of this work is to obtain accurate distances, which, together with kinematical data including recent literature providing radial velocities, and the proper motions obtained from Gaia Data Release 2 (DR2) (Gaia Collaboration et al. 2018a , hereafter Gaia DR2), allow us to reconstruct their orbital parameters.
Observations are described in Sect. 2, we present Hubble Space Telescope (HST) colour-magnitude diagrams (CMDs) with superimposed red giants measured with Gaia in Sect. 3, cluster parameters and orbits are derived for Terzan 10 and Djorgovski 1 (hereafter Djorg 1) in Sect. 4, and conclusions are drawn in Sect. 5.
Observations and data reduction
For this work we used the available HST observations of the central regions of the clusters. For Terzan 10 we made use of the observations collected during the mission GO-14074 (PI: Cohen, mean epoch 2016.4) in F606W with the Wide Field Channel (WFC) of the Advanced Camera for Survey (ACS), and in F160W with the IR channel of the Wide Field Camera 3 (WFC3). Djorg 1 data were collected with ACS/WFC in F606W and F814W filters during the mission GO-9799 (PI: Rich, mean epoch 2004.15) .
For the data reduction we adopted the software kitchen sync2 described in detail in Nardiello et al. (2018) . Briefly, using flc images and perturbed empirical PSF arrays, the software analyses all the exposures simultaneously to find and measure the sources. We refer the reader to Nardiello et al. (2018) and Bellini et al. (2017) for a detailed description of this approach.
Magnitudes have been calibrated into the Vega-mag system by comparing aperture photometry on drc images against our PSF-fitting photometry and adopting the photometric zeropoints given by the ACS Zero-points calculator 1 in the case of 1 https://acszeropoints.stsci.edu/ ACS/WFC observations, and by Kalirai et al. (2009) Bonatto & Bica (2008) . Djorg 1 is rather loose with no evidence of post-core collapse (Trager et al. 1993 ). Table 1 gives basic parameters taken from the literature for the sample clusters. Only recently, metallicities, and in particular the radial velocities, of the two sample clusters were derived from spectroscopic data. For Djorg 1, medium-resolution spectra were obtained with FORS2@VLT in the region of the CaII triplet lines (CaT) by Vásquez et al. (2018) . It appears that the observed CMD (left panel) is better defined, in particular the blue horizontal branch. This is due to the fact that differential-reddening corrections need a well-defined cleaned sequence of bona fide member stars. For this reason, in the subsequent analysis we use the original photometric data for Terzan 10.
Colour-magnitude diagrams and cluster parameters
For Djorg 1, the upper panels from Fig. 4 are similar to Fig. 3 ; the lower panels of Fig. 4 show the m F606W versus m F606W −m F814W CMDs that correspond to the original photometry (left panel), and to differential-reddening corrected CMD data (right panel). In this case the differential-reddeningcorrected CMD is improved relative to the observed one, and is therefore adopted for the analysis.
The differential-reddening corrections were carried out following the procedures employed by Milone et al. (2012) , briefly described as follows. In the m F606W versus m F606W − Fig. 3 . Terzan 10: upper panels show the Gaia DR2 proper motions for the stars in common between the HST catalogue and Gaia DR2; magenta dots are the stars located within 15 arcsec from the cluster centre that also have a proper motion < 2 mas yr −1 from the mean motion of the cluster (i.e. -6.96,-2.45 mas yr −1 ). Bottom panels show the m F606W vs. m F606W −m F160W CMD before (left-hand panel) and after (righthand panel) the differential-reddening correction. Grey points are all the stars in the HST catalogue; black points are the stars in the HST catalogue that are located within 15 arcsec from the cluster centre; magenta points are the stars in common with Gaia DR2 catalogue that are located within 15 arcsec from the cluster centre and have a proper motion < 2 mas yr −1 from the mean motion of the cluster. m F814W CMD of Djorg 1, and m F606W versus m F606W − m F160W CMD of Terzan 10, for a given target star, we selected the 40 closest cluster stars and measured their mean colour offset from the fiducial cluster sequence (along the reddening correction). This quantity is the local estimate of the differential reddening to be used to correct the magnitude of the target star.
For both clusters a blue horizontal branch is clearly detected. This morphology together with their moderately metalpoor metallicity indicates that the clusters should be very old, as in for example NGC 6522 (Kerber et al. 2018a) .
Figures 5 and 6 show the m F606W versus m F606W −m F160W non-differential-reddening-corrected CMDs for Terzan 10, and m F606W versus m F606W −m F814W differential-reddeningcorrected CMDs for Djorg 1. In order to minimize the contamination by field stars and to use only well measured stars Grey points are all the stars in the HST catalogue; black points are the stars in the HST catalogue that are located within 10 arcsec from the cluster centre; magenta points are the stars in common with Gaia DR2 catalogue that are located within 10 arcsec from the cluster centre and have a proper motion < 2 mas yr −1 from the mean motion of the cluster.
in the isochrone-fitting procedure, we selected stars located between 1.5 arcsec and 11.0 arcsec (30 < r < 220 in pixels) from the centre of Terzan 10 (Fig. 5) and within 20 arcsec (r < 400 pixels) from the centre of Djorg 1 (Fig. 6 ). These radial interval selections are slightly different relative to those used for Figs. 3 and 4.
The BaSTI (Pietrinferni et al. 2004 (Pietrinferni et al. , 2006 alpha-enhanced isochrone of Z=0.001 and 13 Gyr is overplotted in both these figures. The alpha-enhanced BaSTI isochrones were corrected for reddening-dependent effective temperatures, as discussed in Ortolani et al. (2017) . This correction mainly shrinks the CMDs in colours, and the fit quality greatly improves for very reddened clusters, such as Djorg 1.
In the derivations of cluster parameters below, the effect of the uncertainty on metallicity is negligible: a change of [Fe/H]±0.1 has a minor effect on the distance. This corresponds to a reddening difference of E(606-160)=±0.03 mag or A(606)= ±0.04, producing a distance error of ±0.02 kpc. The effect on the Horizontal Branch (HB), corresponding to a difference in the absolute HB magnitude from the models, is a variation of only ∆M (606)HB = ±0.02 mag. Combining the two effects (they affect the distance modulus in the same way) we get a total error in the distance of ±0.04 kpc, which is very small compared to other effects. The error in the distance is then a combination of the photometric errors, contamination, reddening and [Fe/H]; the first two are likely dominating however.
Terzan 10
From the isochrone fit, we derive an apparent distance modulus of (m-M) F606W = 21.1±0.1. Measuring A F606W = 6.02±0.05 in the CMD, an absolute distance modulus (m-M) 0 = 15.08 is obtained. A reddening E(F606W-F160W) = 4.83 converts to E(B-V)=2.17. We used the standard value of R V = A V /E(B-V) = 3.1. The corresponding visual absorption A V = 4.83/0.718 = 6.73, where the factor A V /A F606W is given in the PARSEC isochrone site (Bressan et al. 2012 ). Table 1 shows that there are large discrepancies in metallicity and distance measurements, but not in reddening. The aim of the present work is to solve the distance ambiguity in the literature, by using deep high-resolution images and optimized CMDs from differential-reddening corrections.
Djorgovski 1
From the isochrone fit, we derive an apparent distance modulus of (m-M) F606W = 19.6±0. 
Orbits of Terzan 10 and Djorg 1
For the first time, we are able to estimate the probable Galactic orbit of both clusters, Terzan 10 and Djorg 1. This is due to the combination of the proper motions from Gaia DR2 given by Vasiliev (2018) , the recent radial-velocity determinations using CaT spectra that were obtained with the FORS2@VLT (Vásquez et al. 2018; Celeste Parisi, private communication) , and the accurate distances calculated in this work.
For the Galactic model, we employed an axisymmetric background that includes a Sérsic bulge, an exponential disc generated by the superposition of three Miyamoto-Nagai potentials (Miyamoto & Nagai 1975) following the recipe made by Smith et al. (2015) , and a Navarro-Frenk-White (NFW) density profile (Navarro, Frenk & White 1997) to model the darkmatter halo, which has a circular velocity V 0 = 241 km s −1 at R 0 = 8.2 kpc (Bland-Hawthorn & Gerhard 2016) . For the Galactic bar, we used a triaxial Ferrer's ellipsoid, where all the mass from the bulge component is converted into a bar. For the bar potential, we consider a total bar mass of 1.2 × 10 10 M , an angle of 25
• with the Sun-major axis of the bar, a gradient of pattern speed of the bar of Ω b = 45, 50, and 55 km s −1 kpc −1 , and a major axis extension of 3.5 kpc. We keep the same bar extension, even though we change the bar pattern speed.
The integration of the orbits was made with the NIGO tool (Rossi 2015a), which includes the potentials mentioned above. The solution of the equations of motion is solved numerically using the Shampine-Gordon algorithm (for details, see Rossi 2015b). We adopted the right-handed, Galactocentric Cartesian system, x toward the Galactic centre, and z toward the Galactic North Pole. The initial conditions of Terzan 10 and Djorg 1 are obtained from the observational data, coordinates, heliocentric distance, radial velocity, and absolute proper motions given in Table 2 . The velocity components of the Sun with respect to the local standard of rest are (U, V, W) = (11.1, 12.24, 7.25) km s −1 (Schönrich, Binney & Dehnen 2010) . In order to estimate the effect of the uncertainties associated to the clusters' parameters, we use the Monte Carlo method to generate a set of 1000 initial conditions for each cluster, taking into account the errors of distance, heliocentric radial velocity, and absolute proper motion components. With such initial conditions, we integrate the orbits forward for 10 Gyr. For each orbit, we calculate the perigalactic distance r min , apogalactic distance r max , the maximum vertical excursion from the Galactic plane |z| max , and the eccentricity defined by e = (r max − r min )/(r max + r min ).
The results of the orbit integration are shown in Figure 7 , displaying the probability densities of the orbits in the x − y and R − z projection co-rotating with the bar. The red and yellow colours exhibit the region of the space that the orbits of Terzan 10 (left panels) and Djorg 1 (right panels) cross most frequently. The black curves are the corresponding orbit using the central values of the cluster observational parameters.
Distributions for the perigalactic distance, apogalactic distance, maximum vertical height and the eccentricity are presented in Figure 8 , for Terzan 10 (top panels) and Djorg 1 (bottom panels), the different colours represent the angular velocities investigated here. The orbits of Terzan 10 have radial excursions between ∼ 0.1 and ∼ 30 kpc, with maximum vertical excursions from the Galactic plane between ∼ 1 and ∼ 20 kpc, and eccentricities e > 0.7. For Djorg 1, the radial excursion is between ∼ 0.1 and ∼ 20 kpc, with maximum vertical excursions from the Galactic plane between ∼ 0.1 and ∼ 6 kpc, and eccentricities e > 0.75. The eccentricity distribution of Djorg 1 clearly shows a double peak that is related to the double peak also presented in the perigalactic distance: the smaller perigalactic distances with r min ∼2 kpc (left peak in first panel) correspond to the higher eccentricities e >∼ 0.9 (right peak in fourth panel). The variation of the angular velocity seems to have a negligible effect on the orbits in both clusters.
In Table 3 we present average orbital parameters of the set of orbits for Terzan 10 and Djorg 1, where the errors provided Geisler et al. (2018, in preparation) ; (2) Pérez-Villegas et al. 2018) , meaning that these clusters are intruders in the Galactic bulge, and their orbital parameters are more consistent with GCs that belong to the halo or a thick disc component.
Discussions and Conclusions
Terzan 10 and Djorg 1 were selected given that they are moderately metal-poor ([Fe/H]∼−1.0) as listed in Barbuy et al. (1998 Barbuy et al. ( , 2009 , and they are projected close to the Galactic centre. The aim is to identify genuine old bulge clusters, such as NGC 6522 (Barbuy et al. 2014 , Kerber et al. 2018a ), HP 1 , Kerber et al. 2018b , and NGC 6558 ). Furthermore, due to difficulties of crowding and absorption, there are very few studies of these clusters, and discrepancies are found in literature parameters.
Deep CMDs were obtained using HST optical/infrared filters (F606W, F160W) for Terzan 10, and (F606W, F814W) for Djorg 1. Since the field contamination is very high, it was only possible to correct the CMD of Djorg 1 for differential reddening. The CMDs are deep and accurate enough to reveal blue horizontal branches for both clusters. We derived reddening and distance values that supersede the literature uncertainties reported in Table 1 .
We estimated the absolute total magnitude for the sample clusters by counting red giant branch stars above the horizontal branch level, and taking into account the cluster profiles. Based on the absolute total magnitudes of template clusters in Harris (1996 Harris ( , 2010 , for the RGB counts we used 13 GCs, especially selecting distant halo GCs so as to include as many giants as possible, according to the CMDs given by M. Castellani 2 . We obtain M t V = -5.8±0.4 for both clusters, which is fainter than the values of -6.35 and -6.98 for Terzan 10 and Djorg 1, respectively, given in Harris (1996 Harris ( , 2010 . These results are comparable to most Palomar clusters, which are more lumi-2 http://gclusters.altervista.org/, by M. Castellani, INAF, Osservatorio Astronomico di Roma nous than ultra-faint clusters (e.g. Kim & Jerjen 2015 , Luque et al. 2016 , and fainter than classical halo clusters. This faint magnitudes suggest a mass loss along their trajectories crossing the bulge and disc in many orbits (Aguilar et al. 1988) . Together with Gaia proper motions, radial velocities from the recent literature, and our improved distances, we were able to reach our ultimate objective of computing their orbits. The high values of proper motions and radial velocities lead to apogalactic distances of about 10-20 kpc, characterising Terzan 10 and Djorg 1 as halo clusters. Therefore, although these clusters are projected in the central parts of the bulge, that is, they are halo intruders.
